The recognition that scytonemin, the radiation protectant pigment produced by extremophilic cyanobacterial colonies in stressed terrestrial environments, is a key biomarker for extinct or extant life preserved in geological scenarios is critically important for the detection of life signatures by remote analytical instrumentation on planetary surfaces and subsurfaces. The ExoMars mission to seek life signatures on Mars is just one experiment that will rely upon the detection of molecules such as scytonemin in the Martian regolith. Following a detailed structural analysis of the parent scytonemin, we report here for the first time a similar analysis of several of its methoxy derivatives that have recently been extracted from stressed cyanobacteria. Ab initio calculations have been carried out to determine the most stable molecular configurations, and the implications of the structural changes imposed by the methoxy group additions on the spectral characteristics of the parent molecule are discussed. The calculated electronic absorption bands of the derivative molecules reveal that their capability of removing UVA wavelengths is removed while preserving the ability to absorb the shorter wavelength UVB and UVC radiation, in contrast to scytonemin itself. This is indicative of a special role for these molecules in the protective strategy of the cyanobacterial extremophiles.
Introduction
The identification of the survival strategies adopted by extremophiles in environmentally stressed geological scenarios that represent terrestrial 'limits of life' situations ) is a key factor in the astrobiological exploration of our Solar System, especially in the search for extinct or extant life on Mars through the remote monitoring of the Martian regolith (Wynn-Williams 1999; Villar & Edwards 2006) .
The characterization of the protective biochemicals that have been synthesized by microbial communities in response to low-wavelength, high-energy ultraviolet (UV) radiation insolation, low temperatures, high pressures, extreme desiccation and hypersalinity is central to the establishment of biomarkers in the terrestrial geological record that are indicative of the presence of relict or living organisms (Edwards et al. 1998; Cockell & Knowland 1999; Villar et al. 2005) . It is clear that the production of radiation protectant biomolecules by photosynthetic colonies in extreme environments is a prime requirement (Edwards et al. 1998; Cockell & Knowland 1999) for their survival, adaptation and control of their environments in strategies that encompass, firstly, the avoidance of the lowwavelength solar radiation using host geological matrices and substrates and also their ability to minimize and repair cell damage (Vincent et al. 1993; Wynn-Williams et al. 1999) . The necessity of limiting the transmission of radiation in the UVC (200-280 nm), UVB (280-320 nm) and UVA (320-400 nm) regions of the electromagnetic spectrum, while at the same time permitting the access of photosynthetically active radiation at about 500 nm to activate the chlorophyll in the organisms, is a vital requirement of these survival strategies (Cockell & Knowland 1999) .
The protection of cellular organisms against radiation damage has been identified as the primary scenario for stressed terrestrial environments; this is reflected in variable pigment content and the ability to adapt to changing conditions while minimizing the exposure to the ambient UV radiation conditions (Vicente et al. 2006) . In this respect, the ability of photosynthetic cyanobacterial colonies to survive high solar irradiance at or near to the surface of their geological extremophilic niches is associated with their synthesis of the UV radiation screening pigment, scytonemin, which absorbs strongly in the UVA, UVB and UVC regions of the electromagnetic spectrum, preventing 90 per cent of the incident UV radiation from entering the cell while significantly suppressing the photobleaching of chlorophyll a (Garcia-Pichel & Castenholz 1991; Garcia-Pichel et al. 1992) . Increased exposure to UV radiation was found to stimulate the increased production of scytonemin by cyanobacteria (Hansucker et al. 2001; Hader et al. 2003 Hader et al. , 2007 . Although first reported some 150 years ago (Nageli 1849; Nageli & Schwenderer 1877), scytonemin was not structurally characterized until recently as a dimeric structure of a type that was then unique in nature (Proteau et al. 1993 ). Scytonemin has not hitherto been synthesized in the laboratory and supplies are only available from cyanobacterial colonies using laborious chemical extraction procedures.
Scytonemin has been characterized by Raman spectroscopy from the analysis of material extracted from Antarctic cyanobacterial Nostoc colonies and its presence verified non-destructively in situ from its key spectral biomarkers in intertidal cyanobacterial mats of Lyngbya cf. aestuarii; at that time, the assignment of the vibrational bands in the Raman spectrum was accomplished by reference and comparison with related model compounds with similar structural components, such as tryptophan and para-hydroxybenzaldehyde, which necessitated that several vibrational modes attributed to some of the key spectral features were tentative and approximate. The subsequent discovery using Raman spectroscopy of scytonemin in cyanobacterial colonies from a wide range of diverse habitats, including hot desert salterns, desert varnish, cold desert endoliths and chasmoliths, fossilized stromatolites and breccia from meteorite impact craters Edwards et al. 2005 Edwards et al. , 2006 Edwards et al. , 2007 Edwards & Hargreaves 2008a,b; Pullan et al. 2008) , in which this UV radiation protectant occurs along with carotenoids and accessory light-harvesting pigments required a closer investigation of the Raman spectral assignments of scytonemin and this has recently been accomplished in our laboratories (Varnali et al. 2009 ). The results from these ab initio calculations on scytonemin demonstrated the structure that had been previously proposed using several techniques and confirmed and refined the spectroscopic assignments taking account of the non-planarity of the two monomeric halves of the dimeric molecule ( figure 1 ). An interesting development from these calculations was the demonstration of the key features of the molecular structure that were responsible for the ability of scytonemin to absorb the lowwavelength UV radiation; for example, the significant non-planarity of the dimeric molecular structure of scytonemin was clearly demonstrated, even though the centrosymmetric molecular structure that appeared in the literature had assumed that this was not the case. The requirement for a dimeric structure for scytonemin for the absorption of UVC radiation was found to be mandatory as the monomeric fragments alone did not have this capability. The importance of these structural issues in the spectroscopic characterization of scytonemin were soon apparent in the comparison between the experimentally derived infrared and Raman spectral data (Varnali et al. 2009) .
Recent microbiological studies (Bultel-Ponce et al. 2004; Sinha & Hader 2008 ) of extracts from extremophilic cyanobacterial colonies of Scytonema spp. has identified the existence of several new scytonemin derivatives and initial structural studies on these suggest that the scytonemin structures may have been modified significantly to accommodate the increased chemical methoxy functionality in the molecule. The realization that scytonemin is the parent molecule of perhaps a whole family of related molecules is important in that an analytical challenge is generated to detect these family members in admixture and in the presence of each other naturally, and also the question is raised about the role of these molecules in the survival strategy processes involving scytonemin; what subtle changes to the radiation absorption process require molecular modification of what apparently is already a highly successful radiation protectant, especially when the molecular syntheses are accomplished in energy-poor situations?
With the adoption of a miniaturized Raman spectrometer as part of the Pasteur payload for the forthcoming ESA ExoMars mission to detect the biomolecular signatures of relict or extant extremophilic life on Mars (Edwards & Hargreaves 2008a,b) , it is essential that the Raman spectroscopic signatures of key biological indicators such as scytonemin and its derivatives can be identified remotely in the presence of each other and of other protectant biomolecules. On Mars, calculations (Cockell 1998) reveal that DNA-weighted irradiances related to the present day Earth values are as follows: daily fluence (kJ m −2 ) is 21 × 10 3 (Earth) to 12 × 10 6 (Mars) and the instantaneous light flux is 950 : 1 Mars : Earth. The UVC component of this flux has been calculated to be 120 kJ m −2 , compared with effectively zero at the Earth's surface because of the protection afforded by the ozone layer in the terrestrial atmosphere. Clearly, therefore, any cyanobacterial colonization on Mars could have required the production of scytonemin-like or derivative biomolecules that would protect the emerging colonies against a level of UV radiation insolation that has no parallel terrestrially (Sagan 1973) .
In the present paper, we report the results of ab initio calculations on the recently identified methoxylated derivatives of scytonemin to derive the Raman spectral features that have not hitherto been reported, and to examine the fundamental changes that have occurred to the molecular structure which affect the ability of the parent molecule to engage in the absorption of lowwavelength radiation. This exercise could provide some vital information about the UV-protective abilities of the derivative biomolecules relative to scytonemin that is currently not available; also, the identification of key vibrational spectroscopic features of the derivatives will facilitate the construction of a Raman spectral database of radiation protectants, which will assist in their recognition in extremophilic cyanobacterial colonies inhabiting terrestrial stressed environments.
Calculations
The molecular structures of scytonemin, reduced scytonemin and the recently reported derivatives dimethoxyscytonemin and tetramethoxyscytonemin are shown in figure 2 ; the structure of scytonemin is now well established and has assigned vibrational spectra that match the ab initio calculations, whereas those of the methoxy derivatives rely exclusively on the deductions of 1 H and 13 C NMR and mass-spectrometric analyses (Bultel-Ponce et al. 2004; Varnali et al. 2009 ). As mentioned earlier, a major structural conclusion that emerged from the infrared and Raman spectroscopic analyses of scytonemin (Varnali et al. 2009 ) is the significant non-planarity of the two half molecules which constitute the dimer, where an angle of approximately 132
• is observed between these moieties. No such information is currently available for the methoxy derivatives being considered here, but a critical feature that is proposed in the structures of the derivative molecules is the C=C double bond between the two monomeric halves of the skeletal dimer molecule, designated C1-C22 for scytonemin (figure 2); invariably, this presumes that planarity is now conferred upon the derivatives, and this surely must affect the electronic absorption characteristics of the methoxyscytonemins, but as yet in some undiagnosed way. The definition of the molecular energetics of these structures will therefore be a key part of the current work. All the structures in this work were subjected to ab initio quantum chemical calculations for which the program package SPARTAN (Spartan'04, Wavefunction, Inc., Irvine, CA, USA) was used. The geometry optimizations were carried out at an HF/6-31G level of sophistication. The minima were verified by vibrational frequency calculations made at the same level and no imaginary frequencies were created. The Raman wavenumbers and activities were obtained from calculations using the program package GAUSSIAN (Frisch et al. 1998) for the monomer, as SPARTAN does not provide Raman activities. The absorption spectra were obtained by configuration interaction singles calculations for the first five singlet excitation energies to the first lowest excited state.
Reduced scytonemin has exactly the same backbone as the methoxy derivatives of scytonemin but with a hydrogen atom on each nitrogen atom and a double bond (C1-C22 in figure 2) between the two halves (monomers) of the molecule. Steric interaction between the hydrogen attached to the nitrogen (nitrogen 6 in figure 2) and the hydrogen on the phenol ring (hydrogen 23 in figure 2) forces the phenol ring out of planarity (dihedral angle C4-C13-C14-C15 in figure 2) with a consequent rotational change out of plane with the backbone of the monomeric half of the molecule to about 40
• and the OC-C=C-CO dihedral angle (C5-C1-C22-C34 in figure 2 ) changing to about 150
• . It is believed that reduced scytonemin could be produced by cyanobacterial colonies in anoxic-stressed environments (Sinha & Hader 2008) .
Dimethoxyscytonemin has two chiral carbon atoms and four configurations are therefore possible (RR, SS, RS and SR); each of these configurations has three different conformations, for which one is anti with respect to the two methoxy groups and the other two are syn. One of these syn forms has the H atom facing the five-membered ring while the other has the phenol ring facing the five-membered ring. Of the 12 different conformational structures, RRanti is that of the lowest predicted energy (table 1) followed by SSanti, which has a relative energy of 0.33 kcal mol −1 . Of these 12 conformational structures, only two (signified by a superscript 'a' in table 1) have a co-planarity of the two monomers around the C=C bond (C1-C22 in figure 2 ). All the other structures have a dihedral angle OC-C=C-CO (C5-C1-C22-C34 in figure 2 ) of approximately 150
• . The phenol rings are about 49
• out of plane with the skeletal backbone. For the tetramethoxyscytonemin derivatives, there are four chiral carbon atoms (two on each dimethoxy half) giving rise to 16 (i.e. RR-RR, RR-SS, RR-RS, RR-SR, RS-SR, RS-RS, etc.) configurations with each pair having three different conformations (as seen for the dimethoxy derivative). Therefore, based on the results obtained for dimethoxyderivatives, optimization of the molecular structures for RR-RR and RR-SS configurations using the best conformation obtained for each from the dimethoxyscytonemin analogues was carried out. The calculation of the RR-RR configuration of tetramethoxyscytonemin proved to be more stable energetically and the RR-SS configuration has a relative energy of 0.23 kcal mol −1 higher. The molecular structure has a dihedral angle OC-C=C-CO (C5-C1-C22-C34 in figure 2) of 151
• similar to the dimethoxy derivatives and to the reduced scytonemin.
(a) Ultraviolet absorption bands
The UV absorption transitions of the predicted and most stable structures for the dimethoxy and tetramethoxy derivatives of scytonemin were calculated and the data are shown in table 2. In this table, we also present the data for scytonemin and reduced scytonemin, whose existence has been suggested in anoxic environments. Comparison of the data in table 2 shows that all the molecules have strongest absorption in the UVB region and that the absorption near 290 nm for reduced scytonemin is approximately halved in its strength for dimethoxyscytonemin and virtually disappears altogether for the tetramethoxyscytonemin. An important discovery is that, unlike scytonemin itself and its reduced form, the dimethoxy and tetramethoxy derivatives do not absorb in the UVA region of the electromagnetic spectrum but absorb more strongly in the UVC region, in which the tetramethoxyscytonemin is stronger than the dimethoxyscytonemin.
Raman spectra
The ab initio calculations carried out for scytonemin and its derivatives enable the prediction of the Raman spectra to be undertaken; the calculated Raman spectra for the dimethoxyscytonemin and tetramethoxyscytonemin species in their most stable structures are shown in table 3, along with similar data for the parent scytonemin. The latter were compared with the experimentally observed Raman spectral data in an earlier paper , which confirmed the accuracy of the model structure on which the calculations were based. A comparison of the calculated spectra for scytonemin and its two derivatives reveal the following conclusions.
-The dimethoxy-and tetramethoxyscytonemin derivatives both have similar Raman spectral band wavenumbers and relatively predicted band intensities. -The Raman bands in the aliphatic CH stretching region for the two derivatives is much richer than in the comparable region in the parent scytonemin; this is expected from the increased methoxy substitutionhence, the derivatives have new features at the frequency of 3006, and in the 2943-2835 cm −1 region. The former is assignable to an unsaturated C=CH mode, whereas the latter represents saturated CH 2 and CH 3 modes. -The only other additional Raman band is predicted for the derivatives at 1537 cm −1 and this is assignable to a substituted aromatic ring CC stretching vibrational mode. -There are several small band shifts predicted between the scytonemin and the two methoxy derivatives which would not be significant for discriminatory purposes, for example those at 1585 and 1580 cm −1 , respectively, but others can be identified which potentially could be used for diagnostic purposes, such as those at 1785 cm −1 for scytonemin, 1789 cm −1 for the dimethoxy analogue and 1800 cm −1 for the tetramethoxy analogue. Other possibilities in a diagnostic category are 1340, 1347, 1348; 1288, 1296, 1297; 1130, 1029, 1032 cm −1 for scytonemin, dimethoxyscytonemin and tetramethoxyscytonemin, respectively. These triplet features reflect the increased methyl deformational modes and C-O modes of the derivative compounds.
An interesting feature which is apparent in the molecular structures of the derivatives is the C=C double bond that has been created between the two monomeric halves of the scytonemin skeleton; this would result in additional C=C unsaturation, which is not manifest in the calculated spectra because of the presence of significant Raman band activity already present in this region in the parent molecule.
Conclusions
Detailed calculations on dimethoxy and tetramethoxy derivatives of the radiation protectant biomolecule scytonemin reveal that, unlike the parent biomolecule, these methoxy derivatives do not provide protection against UVA radiation Table 3 . Calculated Raman spectra for scytonemin (scy) and the dimethoxy (diMeOscy) andDiagnostically, the Raman spectra of the dimethoxy and tetramethoxy derivatives of scytonemin are very similar, with subtle differences being manifest in the skeletal vibrations, but several significant differences which could be adopted particularly as discriminatory spectroscopic evidence in the 1000-1600 cm −1 region of the Raman spectrum. This means that an examination of highly stressed terrestrial cyanobacterial colonies should be undertaken to assess the presence of these scytonemin derivatives; a comparison of the extracted materials would be advantageous for this characterization.
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